Steelmaking slag, including hot metal dephosphorization slag, is usually in the dicalcium silicate (C2S) saturated composition range. C2S is known to form a pseudo-binary solid solution with tricalcium phosphate (C3P) over a wide composition range, and most of the phosphorus in the slag forms a solid solution. The authors investigated the dissolution behavior of the solid solution and matrix phases in aqueous solutions, and the dissolution ratio of each element in matrix phase was much lower than that in the solid solution at every pH. To clarify the possibility of selective extraction of the solid solution from slag, leaching experiments were conducted on the steelmaking slag. The CaO-SiO2-Fe2O3 steelmaking slag system was made by a mixture of reagents and ground into particles smaller than 53 μm. After immersion, holes were observed on the surface of the slag particles. The area that selectively dissolved is considered as the solid solution phase prior to leaching. At pH 3, most of the Ca and Si in the solid solution dissolved after 120 min; however, the dissolution ratio of P was approximately 65% smaller than that of Ca. Compared to the matrix composition, the CaO/SiO2 ratio in the residue was close to the matrix and P2O5/Fe2O3 ratio was slightly larger than that of the matrix. XRD analysis revealed that the peak corresponding to the solid solution disappeared in the residue. The mass ratio of the residue to the dissolved slag was close to the ratio of the matrix to the solid solution before leaching.
Introduction
Steelmaking slag, including hot metal dephosphorization slag, is considered to be within the CaO-SiO 2 -FeO-P 2 O 5 system and is usually in the dicalcium silicate (C 2 S) saturated composition range. C 2 S is known to form a pseudo-binary solid solution with tricalcium phosphate (C 3 P) over a wide range of compositions at steelmaking temperatures. Measurements of the equilibrium distribution ratio of P 2 O 5 between the solid solution and liquid phase of the slag have revealed that P 2 O 5 is mostly concentrated in the solid solution. 1) This implies that most of the phosphorus in the slag forms the solid solution, and the process used to separate the solid solution from the matrix phase is the same technology used to separate phosphorus from steelmaking slag.
The selective extraction of phosphorus from steelmaking slag is an important technology for slag valorization. For example, the slag which provides phosphorus to soil water can be utilized as fertilizer; the residue after the extraction of phosphorus can be used as a raw material to produce ferro-alloy or refining flux. In addition, if phosphate can be recovered from the extracted aqua solution, it can be used as an alternative recourse of phosphate ore.
On the other hand, the dissolution behaviors of various elements of slag in seawater have been investigated. Based on the results shown by Miki et al., 2) the solubility of C 2 S is much greater than that of C 3 P in sea water, and the solubility of both phases decreases with an increase in pH. S. Sugiyama et al. 3, 4) has investigated the elution of phosphorus from industrial steelmaking slag and revealed that phosphorus was able to be easily eluted using 1 mol/L-HNO 3 solution. However, by their condition, elution rates of Fe 3+ was comparably high as that of PO 4 3- , and the separation of Fe 3+ in the solution was necessary to recover phosphorus. Some researchers 5, 6) have shown the elimination of phosphorus from iron ore or sinter by acid leaching. However, the dissolving rate of hematite is different from that of bulk slag. The condition to dissolve phosphorus from steelmaking slag selectively is still unclear.
The authors investigated the dissolution behavior of a solid solution with various compositions in aqueous solution. 7) They clarified that the dissolution ratio of Ca is close to 1.0 in the case of pure C 2 S, but it decreased greatly as the C 3 P content in the solid solution increased. However, the dissolution ratio of phosphorus was about 0.1 and did not change based on the C 3 P content. In addition, the dissolution ratio of phosphorus increased for 30 min, but after it reached the maximum value, it began to decrease owing to precipitation of hydroxyapatite (HAP; Ca 5 HO 13 P 3 ). In this experiment, the authors also conducted measurements on the dissolution behavior of a solid solution with a matrix phase in the CaOSiO2-P2O5-FeOx system, and they found that when FeO was used as an iron oxide, the dissolution ratio was much lower than when Fe2O3 was used. When Fe2O3 was used as the iron oxide, the dissolution ratio of each element in a glassy slag sample (matrix phase) was lower than in solid solution at every pH and in aqueous solutions at pH 7 and higher, dissolution from the glassy sample did not occur.
If the dissolution rate of the solid solution in an aqueous solution is higher than that of the matrix phase, separation of a solid solution via a leaching treatment is possible.
However, in a previous paper, the dissolution ratio of phosphorus was not high enough, and the conditions for selective extraction were not clear. To clarify the possibility of selective extraction of phosphorus from steelmaking slag by leaching, the leaching experiments on steelmaking slag in this paper were conducted under various conditions.
Experimental Methods
The experimental procedure was similar to that used in a previous paper. 7) For the production of CaO, reagent grade CaCO3 was heated at 1 273 K for 60 min or more in an Al2O3 crucible under air atmosphere. To prepare the steelmaking slag for a CaO-SiO2-P2O5-Fe2O3 system, reagent grade SiO2, Fe2O3, and 3CaO·P2O5, along with CaO, produced using the above method, were mixed and heated in a Pt crucible under air atmosphere. The slag composition is shown in Table 1 . The previous experiment confirmed that the melting point of the slag was lower than 1 923 K, and the solid solution of C2S and C3P precipitated at 1 673 K. 8) The slag was melted at 1 923 K for 1 h in a Pt crucible and cooled under various conditions to change the particle size of the precipitated solid solution crystals. The cooling conditions are summarized in Table 2 . In case A, the slag was quenched after melting. In case B, the slag was cooled to 1 673 K at a cooling rate of 5 K/min and held at this temperature for 1 h. In case C, the slag was cooled to 1 673 K at a cooling rate of 5 K/h and held at this temperature for 72 h. During these heating patterns, the solid solution precipitated from the liquid slag in the cooling range from 1 923 K to 1 673 K, and the crystal size was increased by maintaining the temperature at 1 673 K for a long time.
The prepared oxide sample was ground into particles smaller than 53 μm (270 mesh). One gram of the sample was placed in 400 mL of ion-exchanged water. A Teflon container was used as the vessel, and the temperature was kept constant at 298 K using an isothermal water bath. Ar gas was injected into the water to remove oxygen, and the water was agitated using a semicircular-shaped rotating stirrer. To keep the pH constant, a pH meter was immersed in the solution, and an aqueous solution of HNO3 was automatically supplied using a PC control system. About 10 mL of water was sampled at adequate intervals and filtrated using a syringe filter (< 0.45 μm). The experimental setup is shown in Fig. 1 . After the experiment, all the water in the Teflon container was filtered, and the residue on the filter was rinsed several times by ion-exchanged water. After drying the filter, the residue was collected. The filtered water and collected residue were analyzed using inductively coupled plasma emission spectroscopy (ICP). The slag prior to leaching and residue were observed by scanning electron microscopy (SEM) and analyzed by electron proves microanalyses (EPMA) and X-ray diffraction (XRD). A leaching experiment for the residue was also performed. The experiment procedure for the leaching was the same as that for the slag, but, in this case, the residue collected on the filter was used instead of the slag. To collect 1 g of residue, leaching experiments using 1 g of slag were conducted several times.
In this study, the authors did not use the industrial steelmaking slag as its composition and mineralogical structure was widely different depending on the steelmaking and slag treatment conditions. Compare with the industrial steelmaking slag, in this oxide Fe2O3 was used as iron oxide although the industrial slag contained FeO and metallic Fe in addition to Fe2O3. Another difference was that the oxide did not contain minor elements i.e. MgO, MnO, Al2O3, S etc. By this reason, this study is a fundamental research to find a possibility to extract phosphorus selectively from steelmaking slag.
Results and Discussions

Dissolution Behavior of Steelmaking Slag
Typical mineralogical structures for each cooling condition observed by SEM and the composition of each phase analyzed by EPMA are shown in Fig. 2 . In case A, fine particles of the solid solution were observed in the matrix phase. Here, as the slag was quenched from the liquid state, these particles precipitated during the quenching. In case B and C, large particles, which precipitated during the cooling to 1 673 K, were observed. For case C in particular, very large particles surrounded by a matrix phase with fine particles were found. These results indicated that a coarsening of the precipitated crystals occurred during slow cooling and holding at 1 673 K for a long time period. The compositions of the large particles were close to the solid solution of the C 2 S and C 3 P containing several percent of Fe 2 O 3 . The compositions of the fine particles were different from the large particles. The Fe 2 O 3 content was extremely high even though the fundamental experiments showed that Fe 2 O 3 does not dissolve in the solid solution.
1) A precise analysis of the fine particles is difficult because of the beam size limitations of EPMA, and the analyzed value can be influenced by the matrix composition.
Based on these results, the mass fraction of each phase was estimated. The mass balance of each oxide can be written using Eq. (1) and the mass fraction of each phase.
........ (1) where, α, β, and γ are the mass fractions of phase a, b, and c, respectively, and is the concentration of MO n in the total slag, and is the concentration of MO n in phase a. The total mass balance of the phase fraction is written by Eq. (2). Using these equations with the composition of the total slag and each phase, the mass fraction of each phase can be calculated.
In this experiment, the number of phases was assumed to be two (matrix and solid solution particles) since the accurate composition of the fine particles was difficult to analyze. The mass fraction of each phase can be calculated using the mass balance of each oxide. The average composition of each phase and calculated mass fraction for each oxide are summarized in Table 3 . The average mass fraction of the solid solution was calculated to be 47.8%.
Typical concentration changes in aqueous solutions of pH 7 and 3 are shown in Fig. 3 . The Ca and Si content increased rapidly at a pH of 3, and the contents of Ca, Si, and P after 120 min were approximately two times greater than those at pH 7. In addition, an increase in the Fe content was observed at pH 3. However, Fe did not dissolve in an aqueous solution of pH 7. As shown in Fig. 4 , many holes were observed on the surface of the slag after leaching. The depth of the hole was large when the pH was 3 and became deeper as the immersion time increased. In these photos, the concentrations of each area are summarized. The composition of the plateau area was almost the same as the matrix phase before leaching. The composition of the areas including the holes was different from the solid solution. In particular, the P2O5 content was higher than that in the solid solution before leaching.
As it is difficult to analyze an uneven surface with a small hole by EPMA, the selectively dissolved area can be considered as the solid solution phase before leaching.
Based on the results shown in Fig. 3 , the dissolution ratio of each component was calculated using the following equation. where, RM is the dissolution ratio of element M, WM, slag is a mass of element M in slag before leaching which can be calculated using the mass and composition of initial slag, and WM, aqua is a mass of element M dissolved in aqueous solution which can be calculated using the mass and composition of the water. The typical changes in the dissolution ratio of each element in the slag over time at pH 7 and 3 are For each condition, the dissolution ratio of Ca was the greatest followed by Si and P, and the dissolution ratio of Fe was very small. As Fe oxide mainly contains the matrix phase, this result indicates that the selective dissolution of the solid solution occurred in these experiments. The influence of the cooling condition on the dissolution ratio is shown in Fig. 6 for pH 7. As a clear difference was not observed for the dissolution of the solid solution, heat treatment to increase the size of the precipitated crystals was not imperative to increase the leaching efficiency. The influence of pH on the dissolution ratio of each element in the case of slag C is shown in Fig. 7 . For both conditions, a selective dissolution of the solid solution occurred since the dissolution ratio of Fe was small. However, the dissolution ratio was much greater at pH 3 than at pH 7.
In previous research, the authors found that the dissolution of matrix and solid solution phases occurred in pH 3 aqueous solutions; however, only solid solution phases dissolved at pH 7. 7) In this experiment, however, the selective dissolution of the solid solution phase was observed even at pH 3. When both phases have solubility in the aqueous solution, competitive dissolution occurred, and since the difference in the dissolution rates between the two phases was very large, the solid solution phase selectively dissolved into the solution at the initial stage of leaching. Because of the dissolution of the solid solution at the initial stage, the Ca and Si content in the aqueous solution increased. Therefore, even in the middle and final stages of leaching, dissolution of the matrix phase was difficult as the driving force for dissolution was small. Therefore, the selective dissolution of the solid solution was observed, even though both phases can be dissolved into an aqueous solution at pH 3.
The dissolution ratio from the solid solution was estimated using W M, SS instead of W M, slag in Eq. (3), where W M, SS is a mass of element M in the solid solution phase which can be calculated using the data shown in Table 3 . The dissolution ratio of each element from the solid solution is shown in Fig. 8 . At pH 7, less than 20% of Ca, Si, and P had dissolved from the solid solution after 120 min. As shown in Fig. 9 , the dissolution ratio of each element did not change much when the immersion time was extended to 1 200 min. On the other hand, at pH 3, most of the Ca and Si in the solid solution dissolved after 120 min; however, less than 50% of the P in the solid solution dissolved under this condition. To confirm the differences in the dissolution ratio of P and Ca, experiments under the same conditions were performed several times. In Fig. 10 , the relationship between the dissolution ratio of Ca from a solid solution and that of Si, P, and Fe from each experiment are summarized. Although the dissolution ratio varied, the dissolution ratio of Si was close to that of Ca, and the dissolution ratio of P was approximately 65% smaller than that of Ca. In addition, this Figure shows the variation of the dissolution ratio under the same condition and the reason of this difference has to be clarified in future. The content of P2O5 in the bottom area of the hole after immersion increased, as shown in Fig. 4 , but the accuracy of the EPMA quantitative analysis was not very high. Furthermore, in the previous research, the authors found the formation of hydroxyapatite (HAP; Ca5HO13P3) in the residue after the dissolution of the solid solution. 7) Therefore, probably the precipitation of phosphorus containing prodcontent, and they adhere to the surface of the hole.
Dissolution Behavior of the Residue and Mass Bal-
ance Calculations As the products adhered on the slag particle can dissolve when the Ca content in the aqueous solution decreases, a leaching experiment was performed on the residue. The composition of residue is shown in Table 4 . Compared to the matrix composition shown in Table 3 , the CaO/SiO 2 Figure 11 shows the XRD pattern of the initial slag and residue. The peak corresponding to the solid solution disappeared in the residue. The change in the composition of the aqueous solution during the residue leaching is shown in Fig. 12 and is compared with slag C. It was found that the dissolution mass was very small in this case. Combined with the leaching results of slag C, the leaching behavior of the solid solution at pH 3 is shown in Fig. 13 . The dissolution from the residue was not large, and the selective dissolution of phosphorus was not clearly observed.
To confirm the selective dissolution, the ratio of the residue and dissolved mass was estimated by the following methods. In the first method, the mass of the residue was measured after leaching, and the difference from the initial mass was assumed to be the mass of dissolved material in the aqueous solution. In the second method, the dissolved mass of each oxide was calculated using the composition and mass of the aqueous solution after leaching. The difference from the initial mass was assumed to be the residue. The results are shown in Fig. 14 and compared with the phase fraction of the initial slag. Probably most of the solid solution was selectively dissolved; however, the dissolving ratio calculated by the aqueous solution was smaller than that calculated by the mass of residue. Table 5 summarizes the dissolving ratio for each oxide in the solid solution which were calculated based on the mass and composition of the residue and aqueous solution. Table 6 shows the comparison of the mass ratio of each oxide in the solid solution with the ratio in the dissolved oxide which were calculated using the mass and composition of the residue and aqueous solution. The dissolved oxide ratio of CaO and SiO2 calculated by each method was close to that of the initial solid solution and the dissolved ratio was close to 1.0. The dissolved oxide ratio of Fe2O3 and CaO was not larger than that of the initial solid solution. This indicated that the dissolution of the matrix phase was suppressed. Therefore, it can be confirmed that the solid solution of the initial slag was selectively dissolved in the aqueous solution. However, the dissolved oxide ratio of P2O5 and CaO was smaller than that in the initial solid solution. The dissolved ratio calculated using the aqueous solution was smaller than 0.5, even though the ratio calculated on the basis of the residue was close to 1.0. The reason for this difference is not clear; however, it is possible that the fine precipitates, which adhere to the residue after leaching, flowed out of the filter during the rinsing procedure used to collect the residue. To understand the feasibility of the extraction of the solid solution by leaching, a precise mass balance has to be clarified.
Conclusions
To clarify the possibility of selective extraction of a solid solution from steelmaking slag, leaching experiments on the slag were conducted. The slag from a CaO-SiO2-Fe2O3 system was made using a mixture of reagents and then ground into particles smaller than 53 μm. One gram of the sample was placed in 400 mL of room temperature ion-exchanged water at various pH. The results are summarized below:
(1) By leaching the aqueous solution at pH 7 and 3, the dissolution ratio of Ca was the greatest, followed by Si and P; however, the dissolution ratio of Fe was very small.
(2) After immersion, many holes were observed on the surface of the slag particles. The depth of the hole was large at pH 3 and became deeper as the immersion time was increased. The selectively dissolved area can be considered the solid solution phase before leaching.
(3) At pH 7, less than 20% of Ca, Si, and P dissolved from the solid solution, and the dissolution ratio of each element did not changed greatly, even when the immersion time was extended to 1 200 min.
(4) At pH 3, most of the Ca and Si in the solid solution dissolved after 120 min; however, the dissolution ratio of P was approximately 65% smaller than that of Ca.
(5) Compared to the matrix composition, the CaO/SiO2 ratio in the residue was similar and the P2O5/Fe2O3 ratio was slightly larger. The XRD analysis showed that the peaks corresponding to the solid solution disappeared in the residue.
(6) The mass ratio of the residue to the dissolved slag was close to the ratio of the matrix to solid solution before leaching.
These results confirmed that the solid solution of the initial slag was selectively dissolved in the aqueous solution.
